Although the future timber supply in the northern hemisphere is expected to come from boreal and subboreal forests, little research has been conducted in these regions that examines the temperature responses of small, lakeheaded streams to streamside timber harvesting. We examined the temperature patterns of two subboreal outlet streams in north-central British Columbia for 1 year before and 3 years after clearcut logging and found only modest changes (averaging 0.05-1.1°C) with respect to summer daily maximum and minimum temperatures, diurnal fluctuations, and stream cooling. A multistream comparative survey conducted in the same geographic region revealed that streams headed by small lakes or swamps tended to cool as they flowed downstream, and headwater streams warmed, regardless of whether or not timber harvesting took place. Stream cooling was attributed to a combination of warm outlet temperatures (promoted by the presence of the lakes) and cold groundwater inflows. A regression model revealed that summertime downstream warming or cooling in headwater and outlet streams could be predicted by upstream maximum summer temperatures and canopy cover. Lentic water bodies and groundwater inflows are important determinants of stream temperature patterns in subboreal forests and may subsequently moderate their responses to streamside harvesting.
Introduction
Stream temperature is one of the most important factors regulating physical and biological processes in aquatic ecosystems (Beschta et al. 1987) . Stream temperature responds to energy exchanges across the air-water interface, conductive and advective exchanges across the streambed, and groundwater inputs (Evans et al. 1998) . Streamside timber harvesting that removes riparian vegetation increases the exposure of a stream and its bed to direct solar radiation, often resulting in increased maximum temperatures and diurnal fluctuations (e.g., Rishel et al. 1982; Johnson and Jones 2000) . These logging-related temperature changes can influence aquatic ecosystems, often negatively, and are a significant concern in forest management (Hicks et al. 1991) . The degree to which stream temperatures respond to clearcut harvesting also depends on factors such as the stream's discharge and streambed composition, stream depth, the discharge and temperature of groundwater inputs, and the percentage of the riparian shade that is removed during logging (Brown 1985) . Small, shallow streams are generally more sensitive to increased energy inputs than large streams (Evans et al. 1998) .
Most studies investigating the impacts of streamside harvesting have been conducted in coastal regions of the Pacific Northwest, which are characterized by mountainous topographies and high winter storm frequencies and precipitation rates (Farley 1979) , and have tended to focus on headwater streams with little attention paid to streams headed by lakes (e.g., see reviews in Anderson 1973 , Beschta et al. 1987 , and Hicks et al. 1991 . However, much of the future timber supply in the northern hemisphere is expected to come from boreal and subboreal forests in temperate, interior regions (Bryant et al. 1997 ) in which topography is dominated by moderate hillslope gradients and by climates that are characterized by relatively low storm frequencies and precipitation rates (Farley 1979) . Relatively few studies that investigate stream temperature responses to timber harvesting have been conducted in these regions (e.g., Slaney et al. 1977; Brownlee et al. 1988; and Macdonald et al. 1998) , and none that we know of focuses on streams with headwater lakes.
The thermal regimes of lake-headed streams may be distinct from those of headwater streams. For example, during summer months the temperature of a headwater stream usually increases from upstream to downstream, even in fully shaded channels, as relatively cold initial stream temperatures are warmed by exposure to warm air and incoming radiation and as the relative contribution of cold groundwater inputs decreases (Sullivan et al. 1990) . By comparison, because of the direct exposure of lake surface waters to solar radiation, water leaving small, shallow lakes and entering outlet streams can be considerably warmer during summer months when compared with headwater streams (Brownlee et al. 1988; Hendricks and White 1995; Scruton et al. 1998) . These initial warm temperatures may consequently create conditions that favor downstream cooling, because the cooling caused by mixing with cold groundwater increases with increasing stream temperature and because energy exchanges are more likely to be directed away from the stream (for example, by increased evaporation; Brown 1985) . The presence of relatively small, shallow headwater lakes may therefore influence the thermal regimes of outlet streams, and consequently their responses to clearcut logging may differ from those of headwater streams. Other lentic environments (e.g., ponds, bogs, or swamps) might also result in outlet thermal conditions similar to those promoted by the presence of lakes.
The need for research into the effects of streamside logging on small streams in boreal and subboreal forests prompted this study in the central interior of British Columbia (B.C.), a region characterized by temperate geoclimatic conditions. We examine the temperature patterns of two small, lakeheaded subboreal streams and use a case-study approach to test the hypothesis that this stream type will not show the same degree of warming following streamside harvest as previously reported for headwater systems. We then use a comparative survey approach to compare the temperature patterns of lake surface waters, outlet and headwater streams, and groundwater, and to estimate the potential cooling effect of groundwater inflow. Lastly, we use the comparative survey data to develop a statistical model to predict downstream temperature trends in small lake-headed and headwater streams.
Materials and methods

Case-study assessment of lake-headed stream temperature responses to logging
Study site description
The case study focused on three small, lake-headed, forested streams (118/16, 118/48, and Hip, referred to as the case-study streams; Fig. 1 ) located within the subboreal spruce biogeoclimatic zone of north-central B.C. (Farley 1979 ). This region is dominated by glaciolacustrine and sandy glaciofluvial soils, and average annual precipitation is approximately 50 cm falling primarily as snow between November and March and rain between April and October (Macdonald et al. 1992) . The highest stream discharges occur in spring as a result of snowmelt, and the lowest discharges typically occur during winter and during the month of August (Beschta et al. 1987; Brownlee et al. 1988) .
The three streams lie within the Nation River drainage system and were matched as closely as possible with respect to their physical characteristics (Table 1) . They were small (<2 m bankfull width) and low gradient (<4%), with channel morphologies consisting primarily of pool-riffle sequences and occasional steps formed by woody debris and boulders. Each stream was headed by a small (<20 ha), relatively shallow lake (Table 1) , although stream Hip had a swamp complex situated between the headwater lake and the uppermost study boundary. No tributaries were encountered within the study reaches of the three streams, and the distances from the lake and swamp outlets to the uppermost study boundaries ranged from 60 to 450 m (Table 1) .
Stream temperature monitoring
Temperature loggers (temperature range -5 to 35°C, resolution 0.2°C) were installed in August 1997 at the upstream (US) and downstream (DS) boundaries of each stream's study reach to record hourly stream temperatures. For the streams receiving harvesting treatments, the US and DS sites were at the uppermost and lowermost edges of the cutblock bound-aries, respectively. As a result, our assessments of the impacts of timber harvesting on stream temperatures apply only to the DS sites, as the US sites were unaffected by logging and served as controls to account for interannual weather-related variations in water temperature. Water temperature readings taken periodically with a calibrated mercury thermometer indicated that the temperature loggers were accurate to within 0.1 to 0.3°C. All temperature loggers were removed in early September 2000.
Streamside harvesting treatments
Streams 118/16 and 118/48 were subjected to streamside timber harvesting in February 1998. All harvesting operations were conducted under the supervision of Canadian Forests Products Ltd. (CANFOR), and because of their operational timetable, we were only able to collect 6 months of prelogging data (August 1997 -January 1998 . The third stream (Hip) remained unharvested for the duration of the study.
Timber harvesting within the riparian zones (defined here as a zone extending 30 m from each bank) of streams 118/16 and 118/48 consisted of clearcut logging that removed only mature commercial timber (>15 cm diameter at breast height (DBH) for lodgepole pine (Pinus contorta) and >20 cm DBH for spruce (Picea spp.) and subalpine fir (Abies lasiocarpa)). Most noncommercial and deciduous timber was thus left standing to continue providing shade and future recruitment of large organic debris. Despite these restrictions, the harvesting treatments are nevertheless consistent with the way streamside areas are typically logged in this region (Anonymous 1995) . By comparison, the remaining cutblock areas were completely clearcut. Stream study reach lengths were 607 m for stream 118/48, 372 m for stream 118/16, and 430 m for unharvested stream Hip (Table 1 ). In total, 40 ha were harvested around stream 118/16 and 36 ha around stream 118/48, representing 13 and 9% of the drainage areas at the DS sites, respectively (Fig. 1) .
Five measurements each of stream and hillslope gradient, bankfull width and height, and the amount of stream shading provided by the riparian vegetation (reported in terms of percent canopy cover) were taken at equidistant locations along each study reach following the methods outlined in Ralph (1990) and averaged. Canopy cover was measured with a handheld densiometer immediately above the stream surface at the same locations along the study reaches during the month of August for both prelogging (1997) and postlogging (1998) (1999) (2000) periods.
Data analysis
In the absence of extensive preharvest data and because temperature patterns at the DS sites (those affected by logging) were highly correlated with temperatures at the US (control) sites, the relations between US and DS temperatures during the prelogging (1997) phase were used as benchmarks for assessing postharvest (1998-2000) changes. n/a n/a n/a n/a n/a n/a n/a n/a Note: A, the 11 comparative survey streams monitored during 2001, including the three case-study streams (118/16, 118/48, and Hip) that were also monitored from 1997-2000; B, the three independent stream reaches added to the cooling model data set and monitored in 1999 (Baptiste) and 2000 (727A and TCH2); US and DS, upstream and downstream sites, respectively; *, the presence of a swamp complex between the headwater lake and the US study boundary; H and U, harvested and unharvested riparian zones, respectively; max., maximum; n/a, not applicable. Unless otherwise noted, drainage and lake areas were measured from 1:20 000 topographic maps using a Placom KP-90N digital planimeter (Koizumi Corp., Niigata, Japan). † Distance from US site to lake or swamp outlet. ‡ Data for lakes heading streams 118/16, Bridge, PUR9, and 118/48 are from Pillipow (1996a and 1996b) , Hunter (1996) , and Tyerman (1999), respectively. Table 1 . Physical characteristics of the streams monitored during this study and used in the development of the cooling model (eq. 3).
Salmon
Using only August data, the relations between US and DS daily maximum and minimum temperatures and daily fluctuations (defined as the daily maximum -minimum temperatures) were assessed for the prelogging period for each of the three streams using linear regression analysis. Relations between daily US maximum temperatures and stream cooling (defined as the difference between US and DS daily mean temperatures) were similarly assessed. This was followed by the construction of 95% prediction intervals around the regression lines to encompass~95% of the observations (Neter et al. 1990, p. 81) . Postharvest August temperature relations among the same variables were computed in a similar manner, and the results were superimposed on the preharvest regressions and prediction intervals. Postharvest observations deviating from the temperature patterns established during the preharvest period were attributed to the logging treatments. Unharvested Hip was used to assess the consistency of these relations during the monitoring period. Mean net differences (where the signs of the differences were retained) between observed August postharvest temperatures and those predicted by the preharvest regressions were also calculated to assess the average magnitude of any changes. Sample sizes used in the regression analyses differed among streams and among years because temperature monitoring began and ended at different times. During August 1997, streams 118/16, 118/48, and Hip were monitored for 29, 27, and 20 days, respectively, whereas during August 1998-2000, all three streams were monitored for 31 days with the exception of Hip, which was only monitored for 29 days in 2000. Although the impacts of clearcut logging on stream temperatures are expected to be greatest during the summer months (June-August), our assessment of postharvest temperature changes was restricted to the month of August because no prelogging data were available for the months of June and July 1997. Furthermore, stream flow and canopy cover influence stream temperatures (Brown 1969) , and these likely differed between June-July and August. Although temperature data were available for the prelogging period from September 1997 -January 1998, no data were available from September 2000 onwards (the temperature loggers were removed at this time), and we wanted to assess temperature responses during the warmest month of the summer (August).
Comparative survey to examine groundwater influences on downstream temperatures in lake-headed streams
Study site description
The temperature loggers in the three case-study streams were returned in late May 2001 to their previous locations, and eight additional streams within the same biogeoclimatic zone (five streams from the Fraser River and three streams from the Nation River drainages) were chosen for similar temperature monitoring (Table 1) . The comparative survey is therefore based on this expanded set of 11 streams, which comprised nine lake-headed streams (five unharvested and four harvested streams, including the three case-study streams) and two headwater streams (one harvested and one unharvested).
The eight new streams were matched as closely as possible with respect to size and gradient, and as with the three case-study streams, temperature loggers were placed at US and DS boundaries in each stream. All temperature data for 2001 were restricted to 1 June -31 August (summer), as monitoring ended in early September of that year. No tributaries were encountered within the study boundaries of these new streams, although two of them (RB4 and 727) had small swamp complexes located between their headwater lakes and US sites, similar to the situation for stream Hip. The addition of these streams increased the range of study reach lengths (370-900 m) as well as the range of distances from the US study boundaries to the headwater lakes or swamps (30-1600 m; Table 1 ).
Temperature comparisons between lake surface waters and outlet and headwater streams
To test whether headwater lakes promote warm initial temperatures in outlet streams relative to headwater streams, temperature loggers were placed in the lakes heading streams 118/16, Bridge, and PUR9 and in the swamp complex at the head of the study reach in stream 727. The loggers were submerged to a depth of~20-30 cm within about 50-75 m of the outlet streams. Lake daily mean, maximum, and minimum temperatures, as well as daily fluctuations, were compared with the corresponding temperatures recorded at the US sites of all nine lake outlet and two headwater streams. Because the US sites were used, there was no influence of streamside harvesting on the temperature regimes of those streams in which the riparian zones were logged. To determine if the influence of lakes and swamps on outlet stream temperatures diminished with increasing distance, regression analysis was used to assess the relation between average summer maximum US temperatures and the distance from the US site to the lake or swamp outlet. All distances were measured either in the field or from 1:20 000 topographic maps.
Determination of groundwater temperatures and inflows
The temperatures of four seepages (two from stream 118/16 and one each from streams 118/48 and Hip) were monitored during the same period in 2001 and were used as surrogates for the temperatures of groundwater inflow. These seepages were groundwater sources that emerged for short distances (<10 m) before reentering the subsurface drainage system. Because no tributaries entered the study reaches of the 11 streams, differences in flow between US and DS sites should equal net groundwater inputs. A single discharge measurement was taken at the US and DS boundaries of all 11 streams during the month of September 2001 during periods of no rain using constant-injection salt dilution gauging (Johnstone 1988) .
To determine the amount of stream cooling that can result from mixing warm surface waters with cold groundwater inputs, the following mixing model from Brown (1985) was applied to the 11 streams:
where T US and T DS are average summer daily mean temperatures (°C) at the US and DS boundaries, respectively, T GW is the groundwater temperature (°C), and Q US and Q DS are discharges (L·s -1 ) measured at the upstream and downstream ends of the study reaches, respectively. A mean summer seepage temperature (obtained by averaging temperatures from all four seepages) was assumed to represent regional groundwater temperatures and was substituted for T GW in all 11 streams.
Predictive modeling
A multiple regression model (referred to as the cooling model) was developed using temperature and physical data from the 11 comparative survey streams and three additional streams (727A, TCH2, and Baptiste; Table 1 ) to predict the average amount of summer cooling (or warming) observed within their study reaches. The three additional streams (one lake-headed and two headwater) were physically similar to, and located in the same general area as, the 11 comparative study streams and were included to increase the overall sample size of the model data set. Data from 2001 were used for the 11 comparative survey streams, whereas data for Baptiste were collected in 1999 and data for 727A and TCH2 were collected in 2000 (no discharge estimates were available for the three additional streams). For each stream, the dependent variable was the observed average summertime cooling or warming, and the independent variables included stream physical and temperature data. Variables were log 10 transformed to stabilize variances where appropriate. For each regression model, stepwise regression analysis was first used on the entire data set, and only those variables significant at P = 0.05 were retained. Multicollinearity among retained variables was assessed by examining variance inflation factors (Neter et al. 1990 ).
Because we lacked an independent data set with which to test the cooling model's predictions, we used the prediction sum of squares (PRESS) procedure to validate the model (Neter et al. 1990, pp. 450-452) , a method that is useful with small data sets where data splitting is impractical. For our data set, this procedure involved 14 iterations whereby each stream's average summer cooling was predicted from a regression model developed using the remaining 13 streams. We assessed the precision of the cooling model's (eq. 3) predictions by comparing its sum of squares error (SSE) with the PRESS value obtained using the above procedure. In addition, we also report the range of model intercepts, predictor coefficients, and R 2 values for all 14 iterations of the PRESS procedure, as well as the mean and range of absolute differences between predicted and observed cooling for each omitted stream, to further support the model's validity.
Although data from the same stream reaches used in the model's development do not constitute a truly independent test across space, they can be used to test a model's predictions over time. We therefore used summer stream temperature and physical data from the three case-study streams collected during 1998-2000, as well as additional data collected from headwater stream TCH1 in 1999 and swampheaded stream 727 in 2000, to further assess whether the model's predictive capability was restricted to the year in which the original data were collected. Case-study temperature data from 1997 were not used because monitoring only began in August of that year.
Results
Case-study assessment of lake-headed stream temperature responses to logging
In 1997, before logging, the three case-study streams were relatively heavily shaded by streamside vegetation (canopy covers in excess of 70%; Table 2 ), and all streams cooled from the US to the DS boundaries (as shown by the positive difference between daily mean US and DS temperatures; Figs. 2a, 2d, and 2g) . Natural temperature differences existed among these streams before harvesting: treatment stream 118/16 was the warmest of the three streams (with maximum temperatures exceeding 20°C) and exhibited the largest diurnal fluctuations (up to 12°C) and the greatest amount of cooling (2.5°C on average) during August 1997 (Table 2 ; Fig. 2 ). The negative temperatures recorded at the DS site of stream 118/16 during the winter of 1997-1998 (Fig. 2c) are believed to be due to the automated logger becoming encased in ice. By contrast, Hip (the coldest of the three streams) showed the least pronounced diurnal fluctuations and also cooled the least through its study reach (Table 2; Fig. 2 ). The two treatment streams (118/16 and 118/48) continued to cool during the three summers following streamside clearcut logging (Figs. 2a and 2d ), despite the increased incident solar radiation resulting from the removal of~50% of the streamside vegetation (Table 2) .
During August 1997-2000, stream cooling was strongly associated with US maximum temperatures in all three streams (R 2 values ranging from 57 to 91%; Figs. 3a, 3e, and 3i), the exception being Hip where only a weak relation was found in 1997 (R 2 = 0.34) and no relation (P = 0.82) in 2000. The use of regressions and prediction intervals based on the preharvest (1997) data allowed us to assess whether or not the magnitude of cooling changed during the postharvest years (1998) (1999) (2000) . In stream 118/16, cooling during the month of August increased by an average of~0.5°C in 1998 and 2000 and decreased by~0.4°C in 1999 relative to 1997 trends (Table 2). The data also suggest that postharvest cooling was depressed at higher stream temperatures but elevated at lower temperatures (Fig. 3a) . In treatment stream 118/48, cooling in August decreased by an average of~0.5°C in the first two years following logging but remained relatively unchanged in 2000 (Table 2 ). Deviations from the 1997 patterns were also most pronounced at the warmer stream temperatures, although during the postlogging years, the range in US maximum temperatures exceeded what was recorded in 1997 (Fig. 3e) . By comparison, the observed cooling during August 1998-1999 in unharvested stream Hip fell largely within the prediction bands of the 1997 data and on average remained relatively unchanged (Table 2 ; Fig. 3i) .
DS maximum and minimum temperatures, along with DS diurnal fluctuations, were also strongly associated with their US counterparts in all three streams during August 1997-2000 (R 2 values ranging from 35 to 99%; Fig. 3) , with the exception of DS fluctuations in 118/16 in 1997 where only a weak relation was found (R 2 = 0.16). The greatest postlogging deviations from 1997 patterns in maximum and minimum temperatures and in diurnal fluctuations occurred in stream 118/16 (Table 2; Figs. 3b-3d), and these were particularly evident during 1999 (Table 2) . Elevations in DS maxi-mum and minimum temperatures and in daily fluctuations also tended to occur at higher stream temperatures. Postharvest changes followed similar patterns for stream 118/48 but were less pronounced than those in 118/16 (Table 2; Figs. 3f-3h). For unharvested stream Hip, the preharvest prediction intervals encompassed most of the postharvest observations from 1998 to 1999 (Figs. 3j-3l) , with net deviations from the 1997 patterns <0.2°C on average for all three temperature relations ( Table 2 ). The summer of 2000, however, appeared to be somewhat anomalous with regard to Hip's temperature relations, as the greatest deviations from the 1997 patterns occurred during this year for maximum temperatures and daily fluctuations (0.4-0.5°C; Table 2 ; Figs. 3j-3l ).
Comparative survey to examine groundwater influences on downstream temperatures in lake-headed streams
Temperature comparisons between lake surface waters and outlet and headwater streams Summer daily mean, maximum, and minimum surface temperatures in the three headwater lakes and one swamp were similar to those recorded at the US sites of the nine outlet streams, with differences between them averaging 2.0-2.5°C (Figs. 4a-4c ). Diurnal fluctuations in the lentic surface waters were also similar to those in the outlet streams, with an average summertime difference of~0.4°C (Fig. 4d) . By comparison, the lentic surface waters and US sites of the outlet streams were on average about 6-11°C warmer than the forested US sites of the two headwater streams and also exhibited greater diurnal fluctuations (3.5°C on average compared with 1.2°C for the headwater streams; Fig. 4) . Furthermore, for the lake-and swamp-headed streams, average summer maximum stream temperatures declined with increasing distance from the lake and swamp outlets and could be predicted using the following regression equation:
Max.T US = 27.3 -5.04log 10 (distance), R 2 = 0.86, n = 9, P < 0.001 where Max.T US is the average summer maximum temperature recorded at the US site (°C), and distance is the distance from the US site to the lake or swamp outlet (m).
Determination of groundwater temperatures, inflows, and the potential for cooling
Average summer daily mean, maximum, and minimum seepage temperatures were about 5-8°C colder than temperatures recorded at the US sites of the lake-headed streams (Figs. 4a-4c ) and exhibited considerably lower diurnal fluctuations (~1°C on average over the summer; Fig. 4d ). By comparison, the seepage temperature patterns approximated those recorded in the headwater streams, with average differences of 0.1-0.3°C (Fig. 4) . Discharge increased from US to DS, indicating groundwater accrual, in all 11 study streams, although the relative contributions of groundwater to DS flows varied considerably across streams (from 0.3 to 45%; Table 3 ).
To apply the mixing model (eq. 1), we assumed that the overall mean summer seepage temperature of 6.75°C (Fig. 4a) equaled the temperature of groundwater inflow and that relative groundwater inputs (Table 3 ) remained stable over this period. Despite the lack of true groundwater temperatures and long-term flow data, the predicted summertime cooling was in relatively close agreement with observed values, with an average absolute deviation of 0.3°C (Fig. 5a ).
Predictive modeling
Using physical and mean summer temperature data from our 11 comparative survey and three additional streams (Tables 1 and 4), the following cooling model was developed:
(3) Cooling = -9.9 + 0.25Max.T US + 4.0log 10 (canopy cover),
where cooling is the average summer stream cooling (negative for warming) (°C), Max.T US is the average summer maximum temperature recorded at the US site (°C), and canopy Note: Daily fluctuations (maximum -minimum) and the overall net cooling (daily mean US -DS temperatures) (°C) are also included for each stream. Positive values for net cooling indicate that the stream cooled through the study section. Mean net differences between observed postharvest (1998) (1999) (2000) August DS maximum and minimum temperatures, diurnal fluctuations, and stream cooling and those predicted by the preharvest (1997) regressions are included in parentheses for each of the three streams (see Fig. 3 ). A positive (negative) difference represents an overall average increase (decrease) in the temperature trend relative to 1997. Table 2 . Canopy cover (±1 standard error) and average daily mean, maximum, and minimum temperatures (°C) recorded at the upstream (US) and downstream (DS) sites of the three case-study streams for the month of August during 1997-2000. cover is the average amount of shade between the US and DS sites provided by the riparian vegetation (%). Both predictor variables were significant at the P < 0.001 level, with average maximum US temperatures alone accounting for 69% of the variation in stream cooling. Predicted cooling was generally close to observed values, with an average absolute deviation from the line of correspondence of 0.3°C (range 0.07-0.6°C; Fig. 5b ).
Validation of the cooling model using the PRESS procedure revealed a relatively close agreement between the PRESS value (2.8) and the SSE of eq. 3 (1.8), which supports the model's predictive capability. The range of regression intercepts (-9.2 to -10.1), predictor coefficients (0.23 to 0.27 for Max.T US and 3.6 to 4.1 for canopy cover), R 2 values (0.90 to 0.96), and probabilities (P < 0.001 for all predictors) for the 14 models developed as a result of the PRESS iterations also closely corresponded to their respective values in eq. 3 and further support the model's validity. The average absolute difference between predicted and observed cooling for each omitted stream in the iterations was 0.4°C (range 0.04-0.9°C). Although stream TCH2 was a potential outlier based on its leverage value (0.8), its value for Cook's distance (0.3, which is approximately the 20th percentile of the corresponding F distribution) revealed that this stream did not substantially affect the fitted regression function and therefore did not warrant remedial measures (Neter et al. 1990, p. 403) . Further temporal testing of the cooling model using temperature and canopy cover data collected between 1998 and 2000 from the three case-study streams, as well as data from streams TCH1 (1999) and 727 (2000), revealed a con- tinued close correspondence between predicted and observed cooling, with an average absolute deviation of 0.4°C (Fig. 5c ).
Discussion
Case-study assessment of lake-headed stream temperature responses to logging
Whereas the temperature responses to streamside timber harvesting exhibited by the two case-study treatment streams generally agreed with what has previously been reported in the literature (increases in maximum temperatures and in diurnal fluctuations), the magnitude of the changes was lower. For example, based on previously published studies, average summer maximum temperatures in headwater streams have been shown to increase by 5.2°C following harvesting (based on 21 streams), minimum temperatures by 0.9°C (based on nine streams), and diurnal fluctuations by 6.6°C (based on four streams; Anderson 1973; Beschta et al. 1987; Hewlett and Fortson 1982; Rishel et al. 1982; Brownlee et al. 1988; Macdonald et al. 1998; Johnson and Jones 2000) . By contrast, relative to preharvest patterns, maximum and minimum temperatures at the DS sites of the two treatment streams increased and decreased by a net average of 0.4°C, respectively, whereas diurnal fluctuations increased by a net average of 1.1°C and stream cooling decreased by a net average of 0.05°C during August over the 3 years following harvesting (1998) (1999) (2000) . These relatively modest changes (when compared with literature values) may reflect the effect of headwater lakes on outlet stream temperature regimes (Webb and Walling 1993; Hendricks and White 1995) and the subsequent moderation of their responses to streamside harvesting. The magnitude of the changes may also be related to the harvesting treatments, because although logging reduced the canopy cover by~50%, the treatment streams were still provided with between 40 and 60% shade during the postlogging years.
The postharvest temperature deviations (greater cooling at lower temperatures and less cooling at higher temperatures) observed in streams 118/16 and 118/48 may reflect some of the impacts typically associated with streamside timber harvesting. For example, the warmest postharvest stream temperatures were likely recorded on hot, sunny days when the increased exposure to solar radiation likely contributed to a reduction in overall cooling. Conversely, the cooler stream temperatures may have been recorded on overcast days, possibly accompanied by rain, when solar radiation is expected to have less of an effect on stream temperature (Adams and Sullivan 1989) . Unfortunately, we have no climatic records with which to test these speculations.
Many authors have assessed stream temperature responses to clearcut logging by comparing preharvesting and postharvesting temperatures recorded at a single location within the same stream (e.g., see the studies cited in Beschta et al. 1987) . The assessment of temperature changes based on preharvest relations between US and DS sites, however, appears more appropriate than simply comparing interannual differences, as it provides a means to control for interannual weather-related variations and can be undertaken with only limited preharvesting data. For example, using monthly averages calculated independently of US temperatures, stream 118/16 appeared to cool less in August 2000 (by~0.8°C) when compared with 1997, but it actually cooled more (bỹ 0.5°C) once we accounted for US maximum temperatures. The overall consistency of the temperature patterns in stream Hip (with the exception of the 2000 data) support the use of preharvest relations to assess postharvest changes. The anomalous patterns recorded in 2000 may be related to some unmeasured climatic condition specific to this stream.
Comparative survey to examine groundwater influences on downstream temperatures in lake-headed streams
The close correspondence between the temperature patterns of lake surface waters and those recorded at the US sites of the lake-headed streams provides evidence that lakes promote warm initial temperatures in outlet streams, thus creating conditions conducive to downstream cooling. The warm temperatures recorded at 727's US site also support the hypothesis that swamps and other lentic bodies influence outlet temperature regimes in a fashion similar to small, Note: US and DS refer to upstream and downstream sites, respectively. The difference in discharge is the difference between US and DS flows and represents net groundwater inputs. The percentage of DS flows contributed by groundwater was calculated as (the difference in discharge/DS discharge) × 100. shallow lakes. Equation 2, however, shows that summer average maximum US stream temperatures declined with increasing distance from the lake and swamp outlets and suggests that the influence of lentic bodies on outlet thermal regimes diminishes with distance as other, more local factors gain prominence. The hypothesis that lake-headed streams would be warm relative to headwater streams was borne out by the comparisons of US temperatures among these stream types, and a survey of the literature revealed similar temperature differences. For example, summer maximum outlet stream temperatures averaged about 23°C (based on four forested streams; Hartman et al. 1962; Brownlee et al. 1988; Hendricks and White 1995; Scruton et al. 1998 ) compared with average summer maxima of about 14°C in forested headwater streams (based on seven streams; Brown and Krygier 1970; Hewlett and Fortson 1982; Rishel et al. 1982; Brownlee et al. 1988; Hostetler 1991; Johnson and Jones 2000; R.D. Moore, unpublished data) .
Seepage temperatures were considerably colder than the surface waters of lake-headed streams and were similar to those recorded in the headwater streams. Hendricks and White (1995) reported similar differences (~10°C) between groundwater and the surface waters of an outlet stream, and the close correspondence between headwater and seepage temperatures (along with the damped diurnal fluctuations) suggests that the temperature regimes of our two headwater streams were controlled by effluent groundwater inputs. However, because of their emergence and subsequent exposure to air, the seepage waters may have been warmer than the actual temperatures of groundwater discharging directly into the streams. Deep Results of the cooling model (eq. 3) developed using these same streams and an additional three stream reaches (see Table 4 ). (c) Results of the cooling model as applied to a multiyear test data set to assess its predictive capability across time. The lines of correspondence (1:1) are shown in each panel. Negative values for cooling indicate stream warming through the study reaches. Lake-headed (solid circles) and headwater (solid diamonds) streams are distinguished.
groundwater temperature is often assumed to equal mean annual air temperature (Adams and Sullivan 1989) , which would be approximately 3°C in our study region (based on mean annual air temperature for Fort St. James, B.C., located about 150-200 km from our study streams and the closest site for which air temperature data were available from Environment Canada at http://www.msc-smc.ec.gc.ca/). Substituting this value into eq. 1 resulted in a continued close correspondence between observed and predicted cooling, although with an average absolute deviation of 0.6°C compared with 0.3°C obtained when using average seepage temperatures. Because vertical groundwater temperature gradients have been recorded up to 50 cm below a streambed (Hendricks and White 1995) , our two estimates (6.75 and 3°C) likely represent extremes of the actual temperature of groundwater entering the streams. The correspondence between cooling predicted from eq. 1 and the observed values therefore suggests that the cooling in our study streams was accomplished primarily via a combination of warm initial temperatures (promoted by headwater lakes) and cold groundwater inputs.
In addition to groundwater inflows, other processes may have contributed to the observed cooling in eight of the nine lake-headed streams. Although energy balance data were not collected in this study (thereby precluding our ability to assess the relative importance of other cooling mechanisms or energy budget components), A.C. Story (Department of Geography, University of British Columbia, 1984 West Mall, Vancouver, BC V6T 1Z2, unpublished data) estimated the energy balances of two small streams~50 km southwest of the case-study streams during the summer 2000. The energy balance measurements, made under undisturbed forest cover about 100 m downstream of cutblocks and road crossings, indicate that energy exchanges across the air-water interface provided a net input of energy to the streams during daytime. Furthermore, groundwater inflow, bed heat conduction, and possibly hyporheic exchange contributed to daytime cooling in these two streams. The harvested outlet streams considered here, with their reduced canopy cover and increased solar radiation inputs, also likely experienced a net energy gain via surface energy exchanges, and therefore those exchanges could not have contributed to the observed cooling (although they may have contributed to a reduction in overall cooling). Silliman and Booth (1993) found that bed temperature gradients are greater in areas of groundwater inflow, thus promoting heat loss via conduction and hyporheic exchange. Groundwater inflow may therefore contribute to downstream cooling both directly via mixing and indirectly via enhanced conduction and hyporheic cooling.
Predictive modeling
The positive associations of maximum US temperatures and shading with cooling in eq. 3 agree with thermodynamic theory (Brown 1985) , and the cooling model predicted with relative accuracy the average summer cooling or warming observed in the streams comprising both the model development and temporal test data sets. The model also allowed us to calculate a threshold average summer maximum US temperature below which stream warming is predicted to occur. For example, a forested stream with 90% canopy cover would be predicted to warm once average summer maximum temperatures fell below~8°C and to cool when temperatures exceed this value (everything else being equal).
The summertime warming observed in lake-headed stream SK7 highlights the fact that the presence of headwater lakes does not necessarily result in downstream cooling in outlet streams. Instead, our results suggest that headwater lakes promote warm initial temperatures relatively close to their outlets, and that their influence on outlet temperature regimes declines with distance (see eq. 2). When combined with the study reach's harvested riparian zone that provided only 67% canopy cover, the relatively long distance between the US site of SK7 and the lake outlet (1600 m) therefore likely resulted in an average summer maximum US temperature (10.8°C) that was not sufficiently elevated to favor cooling via groundwater inputs or other mechanisms. However, if the study reach had remained unharvested (with 90% canopy cover), by using eq. 3 we predict that this stream would have cooled by~0.6°C on average over the summer.
Despite the good agreement between observed cooling and that calculated from the groundwater mixing model (eq. 1), neither the amount of groundwater inflow (determined using discharge estimates) nor the difference between average summer groundwater and surface water temperatures was a significant predictor in the cooling model, whether these two variables were entered separately or as a product term. This result may reflect confounding effects of correlations among the predictor variables. Because the same groundwater temperature (6.75°C, corresponding to the mean summer seepage temperature) was used for all streams, the difference between groundwater and surface water temperatures would be highly correlated to surface temperatures themselves and would not be expected to account for any additional variation in stream cooling. Furthermore, the product of these two variables was positively and significantly correlated with average summer cooling (R 2 = 0.82, P < 0.001) in our 11 comparative survey streams. Therefore, the results of the mixing model and the cooling model together suggest that groundwater inputs were indeed important determinants of cooling in our study streams, but that their effects were likely already accounted for or masked by the overwhelming influence of US maximum temperatures in the regression model.
In conclusion, the data presented above provide evidence that the presence of small, shallow, fully exposed lentic environments (lakes or swamps) results in relatively warm temperatures in boreal and subboreal outlet streams, and consequently creates thermal conditions conducive to downstream cooling via groundwater inflow and possibly other mechanisms. For example, the multistream comparative survey revealed that streams headed by small lakes or swamps tended to cool as they flowed downstream, and headwater streams warmed, regardless of whether or not streamside timber harvesting took place. These thermal conditions may also moderate the temperature increases that are typically seen following streamside harvesting, as the two case-study streams exhibited only modest changes (averaging 0.05-1.1°C) following logging with respect to summer daily maximum and minimum temperatures, diurnal fluctuations, and downstream cooling. Small lake-headed streams are numerous in the central interior of B.C. (and possibly in other interior regions), suggesting that these results may be widely applicable. For example, a recent survey conducted in north-central B.C. found that 101 of 344 small streams (bankfull widths <10 m) were headed by small lakes (<50-ha surface area; K. MacKenzie, Canadian Forests Products, Fort St. James, BC V0J 1P0, personal communication). Further research incorporating a wider range of hydrometeorological data is needed to establish the generality of the cooling patterns described above and to assess the contributions of groundwater inflow and other mechanisms to overall stream cooling.
Predicting stream temperature responses is complicated by the difficulties in quantifying energy budget components, which require extensive hydrometeorological data (e.g., Adams and Sullivan 1989; Evans et al. 1998 ). Our cooling model provides a useful starting point for predicting summertime cooling or warming in small lake-headed and headwater streams using easily measured variables (maximum US temperatures and canopy cover). Furthermore, given that the model incorporates canopy cover (a variable expected to change following logging), it might also be useful for management purposes to predict temperature responses to streamside harvesting. However, our model and mechanistic suppositions may be restricted to streams that are similar to ours in their physical and hydrometeorological characteristics, as well as over the range in study reach lengths presented here. For example, in our streams, cooling via groundwater inputs was likely possible because of the relatively large contributions of groundwater to DS flows (up to 16% in the lake-headed streams). The relative importance of groundwater inputs declines the further one travels downstream and in larger streams (Sullivan et al. 1990 ), and it is therefore possible that our results hold true only for small streams. Further testing is required to determine if the variables and model coefficients presented above (and determined using region-specific data) can accurately predict stream cooling or warming in other streams and in other climatic regions.
